Abstract: In situ stabilization remains the standard of care in the treatment of stable slipped capital femoral epiphysis (SCFE). Screw placement perpendicular to the physis has shown satisfactory results with minimal complications. A prominent screw head may produce femoral acetabular impingement and pain after in situ fixation in severe SCFE. We performed a biomechanical study to establish whether screw head impingement occurs after in situ fixation of SCFE and to define the anatomy of slip severity and screw head position that may lead to impingement. A femoral neck dome osteotomy was created in a human cadaveric model simulating 2 conditions: a moderate and severe SCFEs. We tested the specimens after in situ fixation perpendicular to the simulated physis. The simulated SCFEs and normal control were tested through a full arc of motion. Coverage of the femoral head by the labrum was evaluated at 90 degrees of flexion using fluoroscopy. Impingement occurred at 70 degrees of hip flexion in the simulated moderate SCFE, and at 50 degrees of flexion in the severe simulated SCFE. Anteroposterior fluoroscopy revealed that screw heads lateral to the intertrochanteric line were unlikely to impinge on the acetabulum. Screw head impingement occurred with in situ fixation perpendicular to the physis in simulated moderate and severe SCFEs. Anteroposterior radiographs appear helpful in identifying a hip at risk for screw head impingement after in situ fixation. Alternative in situ fixation techniques (screw head resting lateral to the intertrochanteric line on the anteroposterior radiograph) may decrease the rate of screw head impingement in moderate and severe SCFEs.
S
lipped capital femoral epiphysis (SCFE) is a common disorder of the adolescent hip. In situ fixation remains the current standard of care in treatment of SCFE in most centers and is supported by long-term successful follow-up of safety and functional outcome. 1Y5 The technique for in situ fixation has been well described by many authors. 1, 5, 6 These descriptions all emphasize the importance of screw placement perpendicular to the physis to avoid joint penetration and to provide maximal stability of the slipped epiphysis. However, patients with moderate-and high-grade SCFE treated with in situ pinning are left with significant residual deformity of the proximal femur and may exhibit alterations in gait, decreased function, and chronic pain. The abnormal gait is typically characterized by limited flexion and obligatory external rotation with increasing flexion. 7 Sitting with the knees together, riding a bike, and participating in sports may be impossible. Although these limitations have traditionally been attributed to severity of the slip at the time of in situ fixation, in several cases, we have found that a significant degree of this motion loss and discomfort may be attributable to screw head impingement on the acetabular rim. This may worsen the already compromised proximal femoral anatomy in moderate and severe SCFEs.
CASE REPORT
The case presented is of an 11-year-old girl with left hip pain. Radiographs revealed a severe SCFE that was treated with in situ pinning with a single screw perpendicular to the physis. Postoperatively, she had improvement of her hip pain with weight bearing but had significant pain with sitting and an altered gait with marked external rotation. A computed tomography scan was obtained, which revealed impaction of the screw head on the anterior acetabular rim with osseous erosion. The patient underwent screw removal and proximal femoral osteotomy. Intraoperative findings revealed screw head impingement on the acetabular rim at 50 degrees of hip flexion in neutral rotation and an erosion of the bony acetabulum and acetabular labrum at the site of screw head impingement. Postoperatively, she had improvement in hip flexion and decreased hip pain (Fig. 1) . Since this index case, we have encountered 5 additional cases in which prominent screw heads have caused limited flexion and obligate external rotation with increasing flexion. In each case, treatment was required, ranging from screw removal (if physis closure has occurred) to screw revision, or screw revision with femoral neck osteoplasty or proximal femoral osteotomy.
Impingement created by the SCFE deformity can result in pain and irritation at the acetabular rim. Leunig et al 4 reported the surgical findings from patients with SCFE revealing intraoperative impingement between the prominent metaphysis and the superomedial acetabular rim and labral erosions, scars, and tears. This parallels our experience, and in addition, we have noted that labral deterioration and acetabular erosions may also be of iatrogenic origin, created after in situ fixation with a single screw in the center axis, perpendicular to the physis. This study focuses on this second form of impingement, screw head impingement. We designed a study to determine whether treatment of stable SCFE by in situ fixation, using the perpendicular-to-the-physis technique, leads to acetabular impingement in a cadaver model. Goals of the study included defining the femoral-acetabular dynamic relationship leading to screw head impingement, as well as developing radiographic guidelines for anticipating screw head impingement to subsequently avoid this potential complication. Our hypothesis was that screw head impingement occurs after in situ fixation of SCFE perpendicular to the physis in both moderate and severe SCFEs.
METHODS
A whole pelvis and 2 articulated proximal femurs were obtained from a fresh adult human cadaver. The specimen was cleaned of the soft tissues except for the pelvic ligaments and capsules of both hip joints. Plain radiographs and macroscopic inspection of the specimens showed no evidence of osteoarthritis. The specimen was stored at j20-C and kept clean and moist throughout the testing period. The specimen was then firmly mounted to a stable base, and the triangular plane formed by the pubic symphysis and the anterior iliac spines was oriented vertically. The ischial tuberosities were positioned in a line parallel to the floor. The proximal femurs were positioned in 10 degrees of adduction and 5 to 10 degrees of internal rotation based on the line of axis of the linea aspera being directly posterior in the neutral position. The position of the pelvis and proximal femur was selected based on previous hip biomechanical studies and confirmed with the use of a goniometer. 8 We measured the specimen hips in flexion, extension, internal rotation, external rotation, abduction, and adduction to establish control range of motion data. Fluoroscopy images saved in the anteroposterior (AP) and frog-leg lateral position were collected for radiographic control data before osteotomy. The physeal scar was used as a best estimate to indicate the former location of the physis. The femoral head and shaft angles were measured on AP and frog-leg lateral fluoroscopic radiographs using the method described by Southwick. 9 Using a posterior approach and T-type capsulotomy, we exposed the femoral neck and head and ligated the FIGURE 1. Anteroposterior (A) and lateral (B) radiographs reveal a severe SCFE of an 11-year-old girl which was treated with in situ screw fixation with the screw perpendicular to the physis (C and D). Computed tomography scan revealed screw head impingement on the anterior acetabular rim (E and F). G, Intraoperative photograph at revision revealing the screw head (black arrow) impingement on the acetabular labrum (bold arrow).
ligamentum teres, allowing the femoral head to dislocate posteriorly. We performed a dome osteotomy with an oscillating saw and a curved osteotome at the level of the subcapital femoral neck. Moderate and severe SCFE models were created by the authors based on the radiographic criteria of the Southwick angle. 9 Positioning of the epiphysis was maintained with three 0.62 K-wires perpendicular to the physis and eccentric to the central axis. The wires were cut and buried below the articular surface. The posterior capsule was then repaired, and radiographs of the model in the AP and frog-leg lateral position ( Fig. 2) were obtained to confirm the slip angles (Table 1) .
The anterior femoral neck was scored with a number 11 blade circumferentially along the lateral rim of the anterior acetabular labrum with the hip in 90 degrees of flexion and neutral rotation. The scored rim was then inlaid with 22-gauge wire as a radiographic marker. The hip was placed in neutral extension, and AP fluoroscopy was performed to assess femoral head at-risk criteria. The diameters of the femoral neck and screw head were measured in the cadaver model and on fluoroscopy with a Vernier caliper. These measurements were used to calculate a ratio for coverage of the femoral neck at 90 degrees and assess an area at risk for screw impingement with the acetabular rim.
Single-screw fixation of the simulated slip was accomplished using standard surgical techniques. A cannulated screw was inserted over a guidewire through the intact anterior capsule. The screw was not countersunk but instead tightened snugly against the cortex to simulate the typical clinical situation. We made an anterior capsulotomy to visualize the screw placement and to identify the anterior acetabular labrum and the anterior osseous acetabulum. The pelvis was then remounted to the stable base as described above. Under direct visualization and digital videography, the hip models were brought through an entire flexion/extension range of motion and monitored for impingement of the screw with the labrum. The hip was maintained centered in the acetabulum during range-of-motion analysis and confirmed with fluoroscopy for concentric reduction. Any contact of the anterior femoral metaphyseal flare or screw head with the acetabular labrum during motion assessment was recorded. The specimen hips were flexed to contact with the acetabular rim from 0 degrees of flexion and assessed for any deviations of motion necessary to achieve 90 degrees of hip flexion. We chose 90 degrees of hip flexion because it is a common communal necessity for sitting and bike riding. Hip abduction and adduction were also recorded. Digital videography was used for all motion analysis.
RESULTS
Screw head contact with the anterior acetabular rim occurred with progressive hip flexion in both moderate and severe SCFE models. The simulated moderate SCFE specimen (50 degrees posterior, 10 degrees inferior) flexed to 70 degrees before screw head contact at the anterior labrum. The prominence of the screw head caused a contour change to the labrum lip at contact. The simulated severe SCFE specimen (80 degrees posterior, 15 degrees inferior) flexed to 50 degrees before screw head contact and again caused a contour change at the labrum with contact. Both models required external rotation to avoid screw head impingement and achieve 90 degrees of flexion. In the simulated moderate SCFE, the proximal femur was externally rotated 30 degrees to avoid screw head impingement and attain 90 degrees of hip flexion. In the simulated severe SCFE, 90 degrees of hip flexion required 55 degrees of external rotation (Table 2) .
In addition to the imposed range-of-motion study, screw head impingement was also noted in motions involving internal rotation and abduction. There were no observed limitations in extension, adduction, or external rotation of the hip compared with the control. The control hip could abduct to 70 degrees, whereas both the moderate and severe SCFE models were limited to 45 degrees of abduction. Internal rotation was limited to 15 degrees in the moderate SCFE model and 10 degrees in the severe SCFE model. It was also noted in both models that there was increased anterior femoral neck metaphyseal contact with the anterior acetabulum in all planes.
Three schemata depicting rim coverage on the femoral neck were formed for normal, moderate, and severe simulated SCFE models using the femoral neckYscrew head diameter ratio from the fluoroscopic image (Fig. 3) . This diagram is useful to the surgeon during in situ fixation under fluoroscopic guidance with the hip in extension and neutral rotation. If a screw head lies in the darkly shaded area on the AP view, screw head impingement on the acetabular rim is virtually certain. If the screw head rested lateral to the shaded area (lateral to the intertrochanteric line on the AP view), the risk of impingement is minimized. Screw heads resting in the lightly shaded area between the intertrochanteric line and the darkly shaded area of certain impingement carry an increased risk for screw head impingement. This was confirmed in both the moderate and severe simulated SCFE models. Screw heads placed perpendicular to the physis that fell in the darkly shaded region on AP fluoroscopy did impinge with the acetabular labrum with flexion, whereas screws placed outside of the Bat risk^area did not contact the labrum with flexion from 0 to 90 degrees (Figs. 4 and 5 ).
DISCUSSION
Despite generally satisfactory results after in situ stabilization of SCFE with contemporary surgical implants, many patients with moderate to severe residual deformity remain symptomatic and have a significant limitation of hip motion at follow-up. Recently, Rab 10 proposed a theoretical Anteroposterior radiograph of a patient with a severe SCFE and a screw head medial to the intertrochanteric line suggesting that screw head impingement is likely (D). Anteroposterior radiograph of a patient with a moderate to severe SCFE with alternative technique to avoid screw head impingement (screw head lateral to the intertrochanteric line) (E).
etiology for these late symptoms and sequelae. He described anterior femoroacetabular impingement caused by the geometric distortion of the proximal femur with subsequent alterations in hip range of motion. The posteroinferior displacement of the epiphysis resulted in a prominent anterior metaphyseal flare that led to impingement in a 3-dimensional computer model. He reported that high-grade posterior slips (75 degrees) required 40 to 50 degrees of external rotation during walking and 75 degrees of external rotation to achieve 90 degrees of hip flexion. The data in this study seem to support the computer model of Rab. 10 Rab's theory was substantiated clinically by Leunig et al, 4 who reported the surgical findings in 13 patients. That series demonstrated intraoperative impingement between the prominent metaphysis and the superomedial acetabular rim, which resulted in labral erosions, scars, and tears. The focus by Ganz and coworkers 11 on the variety of pathologies that lead to impingement syndromes has changed current thinking regarding acceptance of known proximal femoral deformity with the potential for premature onset of hip arthritis. They advise vigorous surgical approaches to correct impingement and ultimately prolong the life of the native hip. 12, 13 In situ fixation is accepted as the safest, most predictable treatment for SCFE. Ward et al, 5 Morrissy, 6 and Aronson and Carlson 14 described the technique of in situ pinning in the early 1990s. The technique was described with the screw placement perpendicular to the physis, along the central axis. Short-term goals of this treatment are pain relief and restoration of function, whereas the long-term goals are prevention of hip joint degeneration and preservation of function. Long-term follow-up studies by Carney et al 3 reported that, regardless of the slip severity, fixation in situ provided the best long-term function and delay of degenerative arthritis. Poor outcomes have been attributed to chondrolysis, avascular necrosis, and compromised femoral head force load distribution and may contribute to the 25% to 41% overall arthrosis rate. 4, 15, 16 These poor outcomes are most commonly associated with moderate and severe cases. However, even mild SCFE has been associated with anterior acetabular flattening, cystic degeneration in the anterior metaphyseal-epiphyseal region, and progressive osteoarthrosis of the hip. 17 To our knowledge, our study is the first reported human cadaveric study of the relationship of SCFE and screw head impingement after in situ fixation. The results confirm that impingement does occur with hip flexion with a screw placed perpendicular to the physis in both moderate and severe slipped capital epiphyses. This impingement may be a clinical determinant in a patient's limitations after in situ fixation and may lead to labral pathology, articular cartilage injury, and progressive arthrosis of the hip.
Of particular interest is the involvement of the acetabular labrum at the point of impingement. The labrum is a dense fibrocartilage ring that is firmly attached to the bony acetabulum and provides depth and stability to the acetabulum. 8 It contains nociceptor nerve endings and is well studied with magnetic resonance imaging. 18 Recently, more interest in labral pathology and clinical symptoms has come to the forefront. 19 Futami et al 20 performed arthroscopy in 5 hips with SCFE before in situ pinning and observed significant damage to the posterolateral labrum and cartilaginous erosions of the acetabulum. Despite these findings, the acetabulum seems to develop normally in children with SCFE, and any changes on the acetabular side would likely be due to secondary to impingement or osteoarthrosis. 21, 22 In the simulated models of moderate and severe SCFEs, we noted significant limitations in hip range of motion. Johnson and Smidt 23 studied the range of motion of the normal hip required to perform the normal activities of daily living. Their study reported the minimal normal range of motion to include 120 degrees of flexion, 20 degrees of abduction, and 20 degrees of external rotation. To participate in sports, significantly greater motion is often required. In the moderate SCFE model, impingement at the anterior acetabular rim occurred at 70 degrees of flexion, and obligatory external rotation was required to achieve a sitting position of 90 degrees. In the severe simulated SCFE model, these limitations were observed at 50 degrees of flexion. This early impaction of the anterior acetabular rim and altered range of motion may attribute to the functional limitations experienced postoperatively in patients with SCFE treated with in situ fixation.
There are certain limitations of this study. Slipped capital femoral epiphysis is frequently a chronic process with disruption of the physeal plate. Because this evolves over time, there is constant remodeling of the proximal femur to accommodate this process. 24, 25 The dynamic aspect of remodeling is not reproduced in a cadaveric osteotomy model. The selection of the dome osteotomy to recreate the posterior and inferior slippage was based on the spherical geometry of the proximal femoral physis. Although an adult cadaver was used to simulate a condition of adolescence, macroscopic inspection revealed no evidence of degeneration. A recent study of the labral and acetabular development of children found that although there are differences in size and amount of acetabular coverage in children younger than 10 years, the child older than 10 years, such as those commonly affected by SCFE, has similar labral and acetabular morphology to the adult. 26 In conclusion, in situ screw placement perpendicular to the physis produced a prominent screw head that impinged on the anterior acetabular rim in simulated moderate and severe human cadaver SCFE models. Screw head impingement may be a cause of postoperative pain or subsequent loss of motion necessitating alterations in gait and daily function and potentially leading to progressive arthrosis. We suggest that the potential for screw head impingement may be minimized in moderate and severe SCFEs by avoiding the calculated atrisk zone on the AP radiograph. Alternative fixation with the screw head resting lateral to the intertrochanteric line seems to reduce the likelihood of screw head impingement. By moving the starting point out of the at-risk zone, impingement of the screw head against the anterior acetabular rim along with its sequelae may be avoided, and satisfactory stabilization of the slipped epiphysis can be achieved. Efforts should be made to keep the starting point at the level of the lesser trochanter or above on the AP view, as a theoretical risk for fracture due to stress riser exists. In very severe cases, such screw placement may be impossible without exiting the femoral neck and reentering the femoral head. This maneuver puts the critical posterior vasculature at risk. It is critical, however, that the goal of positioning the tip of the screw in the center of the femoral head remains unchanged despite an alternative starting point. Deviations from this center-of-thehead screw tip position may lead to increased complications (ie, joint penetration and chondrolysis) and should be avoided at all costs. Thus, new concepts for in situ fixation may be beneficial (buried screw heads, flat headed screws, bioabsorbable fixation, etc) for very severe cases. We recommend using a starting point lateral to the intertrochanteric line when possible to minimize screw head impingement, as long as satisfactory stabilization of the slipped epiphysis can be achieved.
